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.ABSTRACT
This report ~presents the -'r'esults of, an extens'ive -theoretical
.an.a·lysis of '.A440. steel',butt :joints fast·ened with,'either ,.·A490 bolts or
-,:A502-Gr'ade ·2. r'ivets-. ·,The -study ,'inc'lu.dedth.e ~effect ~ofvariati0tl:s in
.pitch, va~iation.s-in join,t·.length ,-and ,-t-he ~effect ".ofchanges in ..th.€ -r,'atio
:ofnet~platearea,:An·, ,to :th,e total ,fastener s:hear "ar'ea"As " on ,the
ultimate .joint ~strengt'h. Th,e -ultimat_e joint ',loadwas c'onsidered· to :be
'reac,hed when ,an -.end· fastener·sheared •
.Th~·' theor,etical solut.ion·'h·as been .compared ,with ,te.s t ·..·r'esults
of .ei-ght ',ful1-:size,c'onnectiol1:s ~sing :7/8 .inch"A490-:bolts ·and,A440 ,·steel
plat,e. Th.e -m,aximum. ',deviation-.between .-th.e -theoretical solution, and the
-t,es,t- .:.re:sul~s was 7%.
,Th.e theo,retieal ~stud.ies sho,w, t1).at-~ the·.aver-age ·,·shear ,·strengt'.h
decreases ~ith~ncre~sing:joint_length. ,Fastener pitch ~as found to
'have -8 minor :effect ~on ..t·he ,shear str-engt_h•.;-The ;t~o.;tal .joint .'.length ',and
not --.t'he -number :of fasteners -(g:ove,rned' by pitch) ,:,had the -'mQst -import.ant
'.e'ffect :.on -,the 4average,shear str'engt'h, '.a,t ',ultim,ate -joint :,lo,ad, .for a
,giv-enAri./A-sratio.. Variations-in ,ehe -AnlAs ratio produced ,a major
'change .in .ave-rage ,s'hear str·engt_h.
,It ~w-a.sshown-,th,at'join~sm_ad.e-aecor'ding ':to 'present ',c'odes are
"unduly,C'.onservative in-.mQst cas.es, ,especially,'for ,tho,se shor~er ,t-h,an ·40
. in.ches .
.Th.e s lip ~behavior 'of the 'bolted ·Joints was -compared ,to .. a the-
-oretical ,ana,lys i.s, and·found to ,be· in .exce11ent .agreemen.t.
INTRODUCTION
'1.1 Purpose:
In :.r'ecent ',y;earE),ASTM ,:A440 .. high--strength ·steel ,.ha,s beendeve loped
for ,struc-tura'l: .,a.pplications. ,T,he., efficient,,'u,se ·of..: this ne.w ·:8 te,e lc,·"has
. often-.been ',dependent 'on' '.the. 'C"onnectin.g .metho,ds ~.sed -in .fie Id s pli.cE:s.
,With ...t.h,e· introduction -of .. the "ASTM ,A490 .,high-Btreng't-h, ,bolt ""and ·t·he,: .ASTM
.,A5.02-Grade ·2.high~str'eng.th',ri·vet, a ne,ed :has be,en .cr.eated to :inve.stigate
the 'behavi.or of, con.ne.ctio.nsm.ade of the,se-.'matel1·i:a·-1·s·.·
Many ','b ol.ted joints:are 'designed . t-.o,·c.a,rry >load, :·by -,-fric-ti,onal-re -
:~s:i.-st,an.ce,.'on .thei.',fa·y,in,g,.-s·,ur£,aces. ,-All·,r~iveted·.and ,some 'b.olted·,jo.ints are
des,tgned . to "carry .. the load .. ,·by, .."she-ar·and 'Jbe··ar,ing· ':,on.- .t,he . fa-s te·ners . .In
.eit:he~r.,case t1n.e.desig,ner .or .-engineer 'm~st,,-:have,~a r,at,iCDtlal -ba·s-is for 'his
design. Th.e,,-'ba-sic :,questi.on.s yj,hich ··must :'be :an-swered, ,the'n, ,are: (1)
What :1£ the~pre~slip:behavior :of~A440jstee1·.joints. fa~tene4with"A490
'bol-os? .'(2) :-Wha·t -.i;sthe 'ultimate strength .behavior 'of A440 -,stee,l .join1;s
fastened .with· .either:A490 ,bolts··or·.:A502~Gr~·de,2 rivets? '(3) How"are
. the "u·l.tim·ate 'l0ad.· ..o,ha.r:-ante~r-i..g.tios· ralte-red<,by·'·v:B.r,iations in .the 'reIat,ive
'proporti,on.s ,of ,net, plate,are·a ,and ',b.olt"s-hea-r .t8·re.a; ,bY~i,v,ariations in
p,itch; ,and, :b,y",vari-ati.on.s -i·n ,joint -leng.t-h?
.',1.2 Li,terature'Re'view:
Excellent 'revi,ews of, previous -t'heoret-ic:al "st.udies of ,'mechanically
fastened joints are given in the Ph•. D.dissertations of Rumpf(l) , .and
.Fisher(2) .
Rumpf. develope.d -a ..Bemi-gr,aphical C"onstruction. ,.which '.facilitated
-2-
...3-
t-he ,'loadparti tion -,inthe 'ine l-BB tic '17·ang,e. ,Thisworkwa's,: b,ased on' the
excellent e·arlier ,studies on aluminum riveted joint-s· by. Francis (3) .
·Rumpf~s solution",wa-s"foun.d-to ,be 'applicable to ·the -·r·egion,.fromslip
,;load·· up ,:~to 'ultim·ate load. ···Exc·e·llent correla·tion ~be-tween".theoreti.c.al
valu.e-s and-experimen_tal ·',d~ta ,·from,-',bearing-t.ype 'joints 0-£ ~A7st-eel .and
,..A325 'b,olts was' obtained.
The .·work,',·:by'~:Rumpf c'onsti,tuted ',,-8 :.m,ajor'Bd-vance :in .the ".fiel.d' of
mechani.cal s.t.ruct;ur,a.l .con,nectiotls. Howeve·r,. t·wo seri0U-S de~ici,encie,s
were .still .presen,t. ,(1) The semi-graphicals01-ution,wa-s ·an-.iterative
,type .and "u,suu-l1y -severa,l·tri-al·s were required before ,the ·,solution ,could
be obtained. For longer. joints particularly,. t-he ,analys~s became ·te-
diotlsand- time 'consuming, ,if not impossible ,to 'use-. ,(2) 'The· behavior
-of the ·plate 'elements with-holes had ,to 'be determined -by,-full size
ca·libra tion ·'.tes ts,-·for -each ".joint -stud·ied.
,'F'i-sh,er :extended Rumpf' swork ~in _.three '.import,an,t -w·ays. :A met~hod
was develQped ,·.wher'eby, t-he·load~-d.eformation .character·i.s,t-ics ,of.',A7. and
.A440 ,steel. plate with holes could bepredicted(2) (4) ; .a·mathematical
_mo,de-l was- de,veloped whic--h ",.e-sbabl~shed the 'relation.s-h,ip~,between_load and
deformation for the shearing calibration behavior of the fasteners (2) (4) ;
and, .the ··entiresolution .wa-s .accomplished by ..adigi talc:omputer ·prograni(2) .
,Comparison of ,t,h_e·oret-ic_al ,to ,:experiment,al,d,at,a,·,shc)wed,-,excellen,t .c·-orrela ..
·tion,.
.Th.e -'ultimate -load -analy-sis- of 't-his report -.is b.ased-directly .,on
,',eh.is compu,ter:ized ,solution ·..developedby,·Fi_sher.
,Recent.-work ~.on-',th,e -pre~slip:'behavior.'of -bolted joint:s h.as been
--4·-
done bySte,inhardtandMohle/5 ) , and by Tajima(6) • The initial work
.inthisarea had been done by Fi11unger as ear1yas 1919 (7). The
"a-na ly~·is ',-o,n-.~:s lip ::be·h-a,vior 'g.i,ven ',in :thi,s report 'is b-·a:sed· ma,inly, on
,.·,Re,ference -'5 •
.To ·;support the -exter-Hiive ,alla·lytic-al s·tudy, .,e:ight .. full ,size
joi·nts were -'tested to :de,struction.. These 'included four ·short -·joints·-
'.f_8:ste,ned:with'.bolts <.h:a-v.ing: ':8 ,.gr-ip ·:0£ 4 inch.es, ".and four "long 'j oint~s
·f-ast-e·n.edwi.th, b,olts having ,:an ,8 ,inch ,gr·ip. ·The four .sh;ort -joints ..were
,pilot ··te~st.s -to ',verify,.·'th,e-,·ba-sic·, shear ,bah~avi.or-.'of.--the.·bo'lts, an,d- to ,de-
-termine ,the ·,general ,ove'rall.behavior --of t-he ·joints. ·Th~ . long ',joints,
were· designed to 'verify ,,·se lected .points in -,the·-t+he-oretic·a 1 .an.alys ~s
of 'u:ltim'at"e . strength.
,No ltests -of .'join,ts 'fastened with ,A502-Gr,ade :2.rivets -·were -con-
du,cted •
. Sh.e~ar :e-.alibration .tests of two, lots of :A490·- bol ts, .and one ·lot
of,·A502.-Gr·ade· 2 r ..ivets were -required.
2. ·TESTS OF BOLTED JOINTS
2.1 Description _of-Specimens
Four 'compact 'joint-s were tested to ,detexm-ine the-ba·sic shear
behavior of the :7/8 inch~A490·:bolts. ,These joint,s", ,numbered-·K42a
through K42d, ,we,re .symmetrica 1 ,butt joint,s "with --two --,lines -of· fa-sten.ers
at 'four 'bolts per line. The rat-io of net, ·plate ·a:LeaJ," (An) to ·the t-ot-al
bolt shear-:a-re,-a_,,~,.(A~.. ), i.e. ·A·,/A j varied from 1.22 for :K42a up to 1.37
s n s
for :K42d. ,Pitch ,was, ,·,maintained at -3-1/2 inches, and hence· each 'of these
four Joints was 10-1/2 inch,es long•. ,Table I Hhows the-'basicg~ometry
'of these -sh.or·t j nints .
The geometry of the four 'longjoints is ~hown.in~able 2.
These joints were f-abricated with only one -line I"of ",A490 bolts. The
,··A ,,:/A- . ratio ,was maintained at -1.30 .for' .'three 'of, t-he tests, ,with ,pitc-h,
n s
joint length, and number 'of bolts being- varied. ·For t-he r.emaining test
t-he, ..-A--,/A ratio was 1.90, with .13 bolts ata pitch .of 5-1/4 ,inch.es.
n s
.Three 'of t-h.e four ..join~s were -,63 .inch.es long, th,e-l-ongest ,.full siz,e
. joint-s ever .. teste,d ..One "of,-the join.ts: had 19 'bolts the 'longes,t -full
size joint in .terIl1:s ·of number 'of bolts in a .lin,e-ever t-ested .
. 2.2 Material Properties
Th.e· basic 'mate-rial proper'ties of t-he bolts and, plate 'material
use-d in "t--hese ·tests· are .shown in-.Table 3. -The, A440 steel plate u.sed
had ,an ;aver-age -'yie-ld ,.gtr-e,g-s ,·of, 43 .ksi and ,an ultimate ,strength. of 76
~si. The behavior :of plate-elemen~s with holes was predicted by.,the
-'met-hod outlined in Ref • ·4. .Cons-e·quently 'no ,actual- _plate· calibration
,tests were 'required.
· ...-5 -
--6-
Two different lots, of 'bolts ,were us'ed in .eh~ . joint .~:te·s~s.
,Th.e -four pilot'.j oin~s -were fastened ·:with 7/8 i.nch. ,.diameter .by ,5 -1/2
i-nch -.long :b;,olts. Th~' four 'long :jointswe-re -c·onnecte.qwith ',7/8 inch
,di.amete'r 'by ."9-1/2. inch '.long ,bolts. ,These ,we're .desi,gnated ,as -lots
KK and ·,·AB ",for ·th.e .s-hart -.and long :bolts re·s pectiv'e ly.
·Both lots -of, b101ts hadprevi0usly,been ,t-.€sted in .direct '.and
torQuedtension(8)(9) . and in doubleshea-t(10) • Ina11 shear cali-
'bration tes"t;·s· the. shear jigs were ·fabric,ated -from ,the _same 'heat -of
,.',A440, stee l.t;hat ,was ·us,edc,in .th,e -actu:al- .j sinttests-. -Th.elo,ad··de-
-formation .char'act,er~stics of· the..,-AB ,; lot b':olts being ,:shearedin .ten-
,sion~type'ji&s are-shewn in~ig•. 1. cThe basic material ,properties
of t'.h.e "b'olts we·re -determi.ned ..by -' coupon ~,t.ests. .These' c·.oupon.s·,',. 505
inc·h .in ,·diameter, ;we~e'cu,t~from the C'enter --of the b:olt. The .resul~s
of" e,he -tes ts are, s,hown' i .in',Tctble .' 3 •
For .the ·theoretical.stud,y:"on .rivete,d joints i.t -was nec·.essary
.,·t-o ;determi,ne ·,.th.e _sh,ear'behavior 'of:typie-a1 "..A502 -Gr,:ade" 2 -rive~s. Th,e
load ,deform?tion' behav:"ior 'of the ~-"HR ',lot. ri;vet.s. s'hear:ed . in ,.8 :, 1t ten,sion-
,t'ype" jig~i-s sh.own '.in ',Fig .. 1•. Th.e- snearjig,B ,we're 'fa·bric:ated ,fr'om :.t'·h,€
,same -heat,".of ..-A440 -,steel .that ,was "Used in ,--the, bolted joint .tests. Cen-
-ter 'cut .'co.u'pons, .0.505 . inch '.in, .diameter, ,,·we,re tested to ,determine ·the
b1asi.c ffi9 terial proper'ties -of ~t-·hese -rivet;s. The cou,pon,s ·were -cut ·.fr.-om
,undriven ,rive~s. The· te,st -,data· are· recorded ,in '.Ta.ble "3.
2 II 3 ,Fabric.at.ion,·,And. As~sembly
.The-p'lat'e "elemen~s were .flame ~cutt'O r.ough",size and .milled to
,f:in.al dimen.sions. ~1.1 .oil andgre"ase ·,was "removed from, "the plates t-o
-7 -
e_st-.abl~sh a clean,faying<s-ur£ace.
"Alignme-nt .. o£ :hol.es -w,a,&"q'GB-u·r·ed·"by;'c,lamping ·:tog:et.her 'allplates--
·in '.a part~icuclar,' 'joi-nt, . a·nd ,.the,n,-,d-rilling, ,:through '.the·~ 'entire ass,~mbly.
. :,A,l-l,holes· were .drilled ··t,o 115/16 inch- ,d.iamet·er t-o ,a,110¥! ,·1/16 ·,inch
,c-learance .for -,t--he.·.],l,8' ,inch ,d,iameter ·bolts.
,The .. b:oleing,,;,up Jo.peration :was· conduct.ed a:t'· Fritz',Labor'atory
..by ;:tec·,hnici_an~on.t--h~ ·lab :staffun,der .. t:he "supervision .of :the 'enginee'J;s
oU,',the 'Large,;Bolted~Connection.s·project. ,Th.e" KK lot ·b.'olts used in
-Joints K4,2a· through.·,K42,d,·were,~in.,stal1ed,to .,1/2 turn .beyond .snug ':by,. the
,-turn,-o£--t-he,-nut ,~method. .The-.AB :,-lot, bolt.s· inqtalled .in.-K13!, ,K132, ,K133,
,and ,K191 were~given 2/,3 ,:of a ctur·n".beyond snug. These-v,alues correspond
to the specified· turns(ll) for these holt lengths.
Th~'-'b:olt .elO~ngat.i0ns· ,at< 1/2 or',213_-turn",were 'record,ed. ,These
data were,~'r-elated· to!".th.e':load:~deformati.on.curves 0'£ the 'partic'ular 'bolt
-lot,~to idet.€'-rmine -the :initial "prelQad --in .each :.bolt. Fr'om ··thj.s inforrna-
-t-.ion:·.th.e-, clamping ':force ~on each '.j oint ',c'ould ..be're:ad.ily ,'determined •
. 2" 4 :"Instrumentation
The i-l1.strumentat-.ion :.used was similar ·to :t~at ~des-cri-bed in ,pre-
violls work(12) • Figure 2 shows the test.setup ·ofK133 .withallin-
strumentation .attached.
,SR4,·electric 'resistance ,.strain .gages we're attached' to the -edge
"of -each .plate. Th.~se "g:ages ,were :"use·d to ,detect -.eccentricity .-of. loading
::cau,s,e.d by ian ·'.even ·gri.p"pi,ng, '" or 'by .. C"urv-ature· :in .t-he ~ joint.
Di~l .gages measuring ·:to ,the :nearest~O.001 ,i.nches were'~sed to
,detect :jo.int -,elongation. ·More sen.sitive g·ages, ,reading '~to :t.he nearest
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O.OOOl·.inche~s-, ,we,re-'u,sed tomea,sur,e ·the",slip·'between ,t-he lap -and main
,plates .
.2.5 Test -Procedure
After ,the specime,n ,h.ad ·been _mounted, in the testingmp.chine
and fit.ted with--.ins-trume.:nt.ation··.a·,low·grippi·ng·'.load of· 20 "to 50
kips, was applied. ,Loadwasthe·n increased,· in "increments, of '50 kips
untilth.e Joint-was c-,arrying .70 .to 80% ,of it_s expected slip ·\load .
.During ,:the -loading :both slip ,an,d .Joint -elongation mea-sur'em.ents were
taken to ,determine the:'load-deformat,ion ,ch,aract'e'r is tics, of, ehe - j oin,t.g •
. The lo,ading ':cyc"le ,j"wa·s, then· .reverrSed and the loa·d w,a,&; r'emoved, in, ,1n-
-crements of 50 .ki.ps, :back,-to th,e initial· gripping .. lo,ad. ,Again., load-
-d-ef,or.,ma-t,i.on,!,dat,a, we,re -t-aken at, e,ac,h .load" increment.•
.This ty'pe' of c'yclic loading was appli~d ,to -j oints K42b, K42c,
Kl31, ,K132, K133 , and,Kl9l. Joints- 'K42b, and ,Kl3l ,were caused to ,-sli.p
on t-he second loading. :cycle; .. joints K133 , an.d K42c '.on,thet'hird- ·loading
'cycle; Kl3-2 on.the· fourth eye-Ie; and ·K19l on ,the fifth .c-ycle. .Join~s
K4·2a· and K42d were· not --loaded in ,this manner. The' purpo.se of t-hi-s- type
-of loading -was to ,8tscert·.ain .t-h.e -,beh,avior ,'of t·hese -joints ,before 'major
.slip.
;After .major slip:load· had been surpa·s·sed the elastic "anq in-
·elastic opiate -deformation.s we're r'ecorded at specific 'load inc'rement_s
by"the stt:'ain g.ag-e 'readings, .,th.e, slip,aud Joint -elongation dials, .the
pitch .e,longations readings, ~-a·np by :visual ·-observations. ,JointsK42a
-chr'ough -,K42d were 'tea ted to,fa-i lure· in -one day. For ·the longer 'j oints ,
.however, ,two ,.d·ays were '.required. ,In ~:al1-,cases ,t'he- load attained on th.e
first~day,had c·a-qsed the -net -_plate ,se'ction.to 'yield. ,The,· load wa-s then
,reduced to ·,a,relativ:ely ,-low-·load over,ni·gh.t..On ',ehe,secondday-" these
joints ,·w.ere 'reLoaded ,·in .i,nC'remen~s to,th,e -highest lea-d- of the previous
day. ,Testing~t-hen ,proceeded as 'U,sual u.ntil failure -occurred.
·teners •
3.. .THEOREI:'ICAL·· STUDIES 'OF'ULT.-lMATE'..STRENGTH
3,.,1 ,Scope -of, .... Study
Th'is, study .. is inte,nded to ,eS,hew,·,th.e,,··u':ltim,ate-·:iload ,·c.h.ar~acte'r~stics
of~·.A44.0 ;stee·l .butt .Join~s . connected,with ~.e'ith€'r,·A490,",h.ig'h-,.strength".b'oits
or ..A502-G,ra.de ,'2.-high~stre,ng·t·h.r·ive:t-s. "·The·'b,ol-ted··joints,,analyzed ,theo-
·retica1.1y ,.'were ,·a:ssumed, to :be·; c·.onneeted ..,viith ,,·,the'·.l~B 'J lot ·-,fa,s·~en.ers-. ". The
.. r·iveted jo.in.t,s an,alyz,ed,were·as,s'umed to :be··' fab,riC8.ted ',fr:om.:'.th.e . same
'plate m.ateri,al ·.as u:sed ·in .the "b:olted, joints, and' to ',be ,'fastened ,with,,'.the
'HR·' lot ',rivets. "
The 'ultimate .str,ength '.prop,erties· of t-he "r'ive,t-s--, ,b01t·s,. ,-and p'late·
'material are ,sh;awn".i-n-.r:('able -'3..' ,..·Thia &. t,ab~le .'-Sh0WS··,t:hat·:~t·-h,e,>A440,steel
p-la.te used ,had .an·.u',lt·ima,te. strength <,ab0ut'~1.3% .crbove·,~the~iAS;~M'''-,specif'ied
.Howe,ve'r, "the 'rive,ts were ',23% '-st.r.o.nge'r..',trhan ,~.th.e~,ASTM,m-inim.um~v-a,lue,s.·,·It
.i,s import~a-'nt -,t·o··' r·ea,lize·~ in· ,the ,- fol~owi.ng ,;:st-ud'y',-' ,that,,-the uumeriea 1 ,values·
for ultimate· j ain.t ·.load a·re,:ba~sed·,,·on"the,se,-:s'pee,if-ic·>pro,pe,rties. . The' u.l-
-tima·tre-.load·.. '-·behav-i,or· 'of .. 8 ·jo.int :·:faste·ned ",;wit·h '.minimum ,·,.stre'ngth'.-pl-a·te·
:material,,_ (6.7 .. ·ksi) .an.d "minimum '"streng·th ''-'.r·ive·ts,: (6:8~"'fk~i) " would, ... obviously
,:·differ .- from,·.the + joint,s.,ana lyz.ed· in. t-hi,g,wor,k.. Th~i..s.'·~ st~d·y,,;.,wa.g intende.d
t.o ,dea'l<w-ith·typical .:join~s'" i.e. "ty'pic.al-~q~s,'delivere,d,,,',A440.:-plate 'fas·- ,
·tened :with '. t'ypica.l" a,s, ..rece,iv,ed.",A490 'i~b,0,l,t,a7.,·.-01Ji":',,A5;·02'c~G~de:~·2 rivet·s, so
,t'hat compari.:son.s. ,c~uld be ·,m~de ,·with· .e,x.perimenta·1·res.ul~s.
T'his report ~i.s l-imitedto I'joints connected.,w.it,h -.7/8 ·:,inch 'of-as-
,Previous,work(2) has s'hown -.tha t - '"aria't-ionA,i.n -:bo it ~d iam,e ter
.h~ve ·a very ,:sm,a 11 .effect~on-,t'he ·u.l tima te load· behavior 'of" join.ts. ,Th:i:-s
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effect .was noted par·tieularly ,"for .-A440 join.ts fastened with A3.25 'bol~s
.of,',va·ryin.g ,.diameters,. Vari:at,ion,s i.n,t~he".AiiiAgra-t.io, joi.nt·,leng.th,
an.d pitch' lengt-h .are .. shown .fo·r..·both ,th,e -riveted ",and bolted joints in
-th:Ls work.•
.In m,any ,places in., this- report -.t1;\e ,11 g h.ear .stressl' .on,B-·:fa-s-Eener
is mention.ed. This-shear ·stress-- is~ b.a-sed·-· on ,t·he -crQ,s&~seetiona·l·_-area·
of th.e fastener. i.n i.t~s origin~·l condition. ,In ,th,e' c,q:se ~ ofrive~s it -,is
based on .the·un.dr·iven .nominal diameter. This study -'only ,'inclu;des 7'/8·
,inch ·d-iameter fa.s--t-ener&, ,.whi.ch,cor·r·esponds to ;asingle ,.-,shear .ar·ea of
0.601 _squ8:t':'e ·inc·he-sca~d to ,a-· double -s·hea-r~area of :1. •.202:square inc.hes •
. T'he theol::'etical solution .of t-he -'load -pa·rtit.ion ,within .8 joint
is biased ·on ,the assumpti.on ,t_4at-,mechanic-al· f~,sten_ers'·tra,n.smit.. all .the
-applied . load by, sh.ear" and ·bear,tng ':once ·'In.ajar .s·lip·-has," occurred. ,This
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,as-s.umption-,.h.as, .been ,.shown_ t·o be -'valid • ,For ·t,he 'general .equilibr,ium
,.atld ",c,ompat-ability ,-'e,qua·tions .which .le,ad to ,·the. so,lution .of",th_e-load· -par-
tit.ion .prob lem. th.e :rea-d-er·. is urged to lsee "References ··2 .and 14.. ' In
.th~s .study th.e" c.omputerized, solution .deve loped ,"p'y,' Fisher 'h.as -been -.used,
and will .nat--be .explained ,in·,this, text.
3.2 -Material-.Calibration
The· c'omputerized solution:(l4) includes.a prediction.of. the load-
-deformation ,cha,(',acteri:stics of;~A440:steel plate ~,vJith :--holes. '. Co~sequently
non.e·- of th.ese c·~libr'ation .tests ·we-'re ·'requ.i-red.
,Th.e -"load,-deformclt,ion -.,be,h;-8vior ."of, t-he -fasteners, ; loaded in daub Ie
shear, ,must -still b.e ."determined -by -,-act-·u.al -te-Bt~S. "T'hese 'cnaracter-i;st"ic,_s
ar'e shown'ini'-Fig'ure -1 -for ·the~A490 ,:bolts and -high.'~str'ength'r'ivets. "These
,fa·stene~s "we,re,-;c,a1ibrated. in.the l1t.ension-type" jig:s .,d~sc~,ssed in 'Re,f-
erence 10. A curve fitting technique (4) was . used· to express the,se1oad-
,deformation '.c·urves in ,.th.e· form~;
where
'e" 'n.apier:"i.an ',lo.g~~rithm: b"ase
R -she.ar loadon·,fasten.e'r
. QJ,~, = -m'abhemat±,cal1y.,de'termined· c-,on,st"8nt.s
. A ~. ;shear .. def,0t;ma,t,i-on:,(}f#·,fastene-r, (s'hown 'tn.-Figure '1) •
,T,he- specific.·.pa,r,ame.t,er,s Rti"'~ Of, :",~ are 'indicated in'-'Figure ',1 -for
.the. ,AB :·~ot -bolts "and. ehe'HR ' lot . r.'ive~s •
.It ·g'hould 'be:note,d· that~th,e ·u·1timate ·,g·he"ar :s-trength '.of.,:t-he,A490
,:bo l,t", ,W"8B ',' c0ns~.d,elr-8bly,",hi.§her,:. ta~tl., t.h.at·-of '" the,,·...A5·02 -,-G~·ade ··2 rivet. ·T.'h.i.s
,·,·w,as ex.pected s,inc'e "the 't.en,~i-le -,str'ength, ,shown'i,n.';,Table '1, was, so much .
.h',igher f.or .'the 'bolts. '. ,Th,e- 'u~~lt,im:ate, d€'fQrm-8't.i-D~S'~ t~o 'f;3ilure :were ~,almos t
-the .s- arne .for .>b'o.th, '.~,as t €'ne r .type-s •
3,.• 3. ·~,Ef"f€ct .~,of ,:Joint,·~·Lengt'h"on ",Ultim,ate ~Joi-nt.,-.strengt·h
Theoretica1(1) (2) (12) (14) .andexperiment
o
al(12) (15) (16) results
o,f ' prevl.ou·s·· inves,ti·g,a t i0t:ls, ',h__ave, "shown· "t:ha-t: -j oint -length ,\.i:-8' Tan '.imp(1rtant
,·A7,· "and"",A440 .\lon.g,,~st,ee,l ".j,0int,s, " fa-a taned, ·wi..t·h, -·A3. 25bo lts,· the,·,'fasten.e'~·s
"T,he, expecte.d:: b.e·havi-.or.;' of., long';j.0'ints, ;~,s , "then, ",qua·l·it:-.ative ly
.'well'ce-stablished. ,It i.s thepur'pose of thi-s sect-ion ,to ,show, quantitively,
the expected behavior of ~ypical A440 steel joints connected with the
A490 bolts or ·'A502-Grad,e 2 rivets with ,shear 'properties as shown ,in Fig, ,1.
The joint length- ·is, s' function ,of the f-astener pitch. In ,this
article a constant ,pi-tc·h .of ,4 ,fastener,'di"ameters, i.e" ·3-1./2 inch,es, ,ts
used. "Article '3.4 ".dt.sc:usses t.he, effect. of ..varying .the pitch. ,Also in
this phase of the stud,y·, a constant ,~A, -!A·,rat.io ,'£'or,,;,e.ach J'oint t'ype was
.' n ,8
:matnftained. The effect of tvariations in,the."A,·/A, ,ratio is discussed
n s
in,. Arttc-le' 3,5,
The- following geometrical .properties were also ~ssumed: For
'joints having up to ,twelve :fasteners in ,line the thickness of the
grip·ped·materi·al was,'·t.a,ke:n as 4 ,inches. ,Joints having more than,twelve
·fasteners in: :l-ine ,"we,re ,,<assumed :,to ;,,;have, e'ight 'inches of, gr'ippe.d mate-ri.al.
,Main, ,plate ,and ... lap, :pl,ate,.,are"as ,wer'e the ·,s,ame, .Only· one -.g,age ,·was c'on,-
,s idered.
'To ,show:.the."effect of joint length ,atlY~iipa·rticular.iA ,:/A ratio
, n s
,could ,be .. ~,c'h-o.sen,. ,.'''1A,·-,:/A ',,·r'atios of 1.16 ,for 'bolted J',oints ,and 0.727 for
'n ,8
'riveted· j oi,nt:s :were .,se lee-ted. ,These ,particular 'r'at iO-sare ,the result
of t'he curren.t ·allow~able ,,-stress design. ,Mo.st spec'ifications give ,an
"allowable ,stress of" 27.5 ,k.si "for ,~A440 ste.e1. "The, Research,'Counci1 on
. Riveted, ,and Bolted, Struc'tura1 ,JOil1tS (RCR.BS,J), ,allowsa.·,s.he:8r ·stress of
"', -32 .k,si, .for ,,'A490 ...bol,t,g,,··,use,d .in,:be..aring .'type 'connections, and .20 .ks i .for
,··:-A5.02,-Grade -2,-. (AleS.) ,rive,ts .. ,This ,gives" a ..:1ft'ension~s·he,artl ,r:a tio:of --27.51
32.= 1/,1.,16 ··,and 27 .. 5/20 = -1/ ...727 respectively. In terms of Joint geo-
-metry,this results, in "A-,./A ratios of 1.16 ,for .'bo1te,d joints and 0 .. 727
·n s
for "riveted joints.
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The -r-esults of" t-he -t-he oretica'l ·studie-s a-re ,:s.umm-arizep in· ·Fi.g 0 ·3 ..
.Th.e-,'aver·ag.e,she,ar ··,st,r-ess ~at ultim:ate jo.int ~load is plo,tted"."as a function
,of-.the·joint le,ng:th_. T'hi,s,,£'igure.sh0Ws th,at, ,for,-'both-'.t-he -r'iveted and
b'01ted join~s, _there 'WaB . a -C'onsid-erab leo decrea,se ,in, .avel;age .she·ar· ,·str:ess
with ".incr'eased ,jo,int-,lengt·h.
Figures c 4,thr'ough ',6 ,-shQw,- the 'reason '-.for .. the ,,·decre,a:se· 'iu'av_er-,age
ultima-te, ,Btress with joint .length ... In .each ,figur"e. a c·ompa-r-~s·on ',is, rna-de
,between .the -'r'iveted and bolted joint-;s. The·,upp-er.set. (eross- hate-hed-) in
.each figure i.s for 'bolted joints ,--,the "lower .. for -riveted.
F'igu're -4 .. shows that, _in .a -short· ,joint, .. almost -.complete 'redistri-
bution of. load· occur-s in.b,ot-h joint t-ypes. _,As the,'joint~s': ..become -longer
-:(Fi.gur·e 5) t-he inte·rior b'olts,t'B,ke 1.eSB of.-t'he'l_oad than-,formerly. ,Th,e
,sere·ss -·di·str'ibuti-on, .within :a joint. o'f 25 ',' fastener.s ,- ~.&'- s:hown,· ·in;- Figur'e 6 0
,In ·.t·his.- c·ase, ,se,ve-ral ,of t-he·inte:rior ,'f-astener.s,ar.e·,~c·arrying,:about :the
same lo,ad..;,As, .. the, .Joint.e.n.d~s -are, ·,apprG.lached the-'Loadcarr-ied by.- each
,fastener i-ficr:eases r-ather .su;ddenly. This- is c:a~,sedSim.ply,·b,y.t-he
d-ifferenti-a-l pl:ate .,str·ai~s which -,.incr-ease '~apidly ';near-t-hej.aint .ends
since 'one 'pIa,te, ,·is ,inela·stic. ,In'·.t-he· j,oint,.inter'ior .'bot-h ':plates c.arry
".-abou-t -the ,same "load ,and boeh :,are-ie'la-stic, ,hence· differenti_al, st:ra.ins
are 'relatively :small.
3.4 -:Effect -of -Pitch .on ,Ultimate Joint .-,Strengt-h
-.The 'pitc'-h .is t-he ,dis~ance -along ,:the :'line -of principa1-,~s,tress
between -center·s- of .,-adjacent.-fasteners. ·This· di.:st-ance"play-s·; an ,impor-
-tant -role ,in ,the d~stribution--of load -within ,8 joint.
Previous work(2)(16) had established that the average shear
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stress at u,ltimate joint load w,as c·ontrolled ·more 'by 'joint'length than
by pitc'h ,for 'joint-s of·<A440,-·steel·,8nd A325 :bolts ..Was this conclusion
_valid ,for ·A440 :steel fa,sterred with A490 bolts or .,-A502-Grade 2 rivets?
.'T·o determine the -effeet,"of pitch, an.alytica-l· studies wer'e 'made
for join.ts .with '.fastenerspacings of three, .four, and six diameters .
The results of these studies are ~hQwn in·Fi~ure 7.
This figure shows that-the joint with the longer pitch ,gave a
-higher ·shear .stress ata given .joint ·length. For 'example, 8 bolted
joint -with a.pitch of 2-5/8 inches and a length ,of '31.5 inches, .i.e.
13 bolts ·in .line, has an.. 8vera-ge .she·ar st·ressof fib'out 82 ksi. If
the pitch .length.. i-s inc'rea--.sed to 5 -1/4 ·,inch.es, ,but -th.e joint length
is maintained at 31.5 inches,i.e.·7 bolts in line, . the average shear
s tres-s increases too .'abou t ~85 ,ksi. ,IuL·.the'ELe C'B'ses the -a-ve,rage .lsh,ear
stress is .. ,a:lmost -t-he ·s,arne·., ·_·-~As" the, joint -le.ngth ',incre,a·ses .the curves
tend to 'converge, ,i.ndicating ,:th'pt ..average, ,·she-ar str~s,s- at --failure is
even less effected by pitch for ·long,j.oints.
From, Figure "7.one ,sees that a joint designed with a pitc,h--of
6 fastener diame,ters, .i.e. 5-1/2 inches -in ,this c.ase, ,would c'onsis-
-t-ently :g.ive -.an .average .shear ·st·ress 3 to5 -k:si .above -.a -·joint with ,8
2 -5/8 inch. pite,h. ,However, one should not -C"onclude ,t-hat t-he c,arrying
c-apac'ity --of a joint -with 'n ··fasten_ers at -a pit,ch.of ,6 ,diameters ~s
s light-1y higher ·than that of ajoin.t of, t-he --,sa-me leng:th-.but -with.a
pitch ,of '3 ,diameters. ,The joint _-with the greater number of fasteners ,
in this c-asew-ith .pitch ·..at .3 ,d~amet-ers, ,would carry. a much greater
load. This fac·t is shown .in -Figure 8.. T,h~ bolted Joint 'wit-h ·,13-,f-as-
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t-en.ers at.a pitch of :2-5/8 ·inch.es h.as an .average-.shear .stress of -82.5
ks-i. -The' joint .of the, same "length 'but -with ,a 5-1/4 "inch .. pitch, i.e.
,7.bolt-s in .line,.has a ·slightly·higher ,aver'a-ge-",she,ar str'ess of '84.7
. ,"ksi. ·In ,.t·hi-s ca,se'the first ·.joint ·would carry "an ultimate .load .of :13
'X 1.,20-2 x :82.5 = -1290 kips" -whereas-' t-he-second joint ·wou:ld only., carry
7 x 1.202 x 84.7 = 714 .kips, (wherethe'fastenersheara~ea=1.202 in2).
-3.5 'Effect of :Variations in the ,An'!AB ,'Ratio; on .the -'Ult"·imate Joint,-.Strength
Th.e -ratio ,of the net plate area, ,An' ' to :,the 't',otal shear 'area of
all faB-tene~E, ,As' .h,as C'onside-rable'effect -·on ,the<loadc.arrying 'capacity
'of ajoin~•. ,As the ratio ,is increased ,more of :thefasteners ·approach
'.t-heir 'full load ,c,arrying :ca,pac,ities,. - Wieh ,a decrease :in ,t·his ratio ,the
'plac.e 'material becomes more" flexib'le -with ,respect -·to \the~ £as-ten,er-s, ,and
failure'of the 'end fasteners occurs sooner.
Figu-re ·9 .-.sh0'rs- thi.s effect graphical1y','for ·a joint ·with ,13 £a'8-
"teners at ',a pitc-h, .of ,3.5 inches. ·Th~s plot ".shows th,at" the -inner :fas-
-teners-'take '-less and less of :t'he joint ".load, as the ·,A/A r'atio Ide-
. n . s
-crea-se.s. -This is caused again by ··th_e ·differential .p.lat",e ~strains. F'or
the ~high.er ~A ,fA ratios - the -differential strains at ~.the -joint .i,nterior
n s
,are -<much .h.igh.er, ·t4an ,for 't-he .' lower ..A I A r-atias. This in ,turn .causes
. ·n ,s
g'reater -f-n,stener 'deformations, ,andhel1ce ~an "increase ~ in fasten.er .load .
.Fig'ures lOa-n,d 11 sununarize - t-he ,study ,·'by ,-'plotCing :average ,sh,ear
,stress against ".J·oint "length, for 'various-- A ,.fA ratios. In -the-se ~plo~s
. ,n s
only,-t'he -case" of fas-tene;r 'failure ',is shown, ,although '.plate failure -'will
occur .'at .specific ,A ,fA ratios-for 'par'ticular 'joint-lengths. ,Witha
n _s
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·decrease ,in -the-:-A,:/A- ratio ,the ·average :shear str.ess ,d·ecr·eavses quite
n s
.: rapidl-y. For .:an· A ,'lA· ratio ,of 1.90 the ·8ver-age ,shear ,·str'ess ,has·-been
n' s
,decrea·sed very 'litt'le for t-he' bolted joint.. The same is true 'of an
:A ./A ra tioof 1.,30 for ,the -riveted joints. ,These 'respective 'ratiq8
n s
,approach .th,e 1t r 'igid .plate1t c'oudition for. ,their partic'u-lar joint.s-.-
'Figur.es 9, 10, ---an,d 1.1 "s-how·"c:onc;lu.&ively ,that va-ri-a-tion,s··in ·.the
-A lA. ratio :are a major factor· ,in ,the·u,ltimate-·,load c·arrying capacity
n s
of 'bolted and riveted· joints.
3.6 ,Campa-rison to 'Present: Design' .Codes
Joint.s -which .ar.e -·designed .according ~to mo.stpresent day speci-
fications are· pr-oportioned -such.that" A/A ratios of 1.16 !aud 0.727 re-
, 'ns
,suIt -for 'bolted ,and riveted ·j,oints respectively. Figures-IO.and 11 show
ehe -var'iation .in aver·age shear .stresswith joint length ,for different
A./A rati.os. Al,so ,shown ,in ·these -figures are the allowable shear stresses
.n s
which are ·,e.'iu-iva·lent ".to·th,e-given A·./A ratio,s.. " .F_,or -example, ,in Fig. -10,
, n s
an .AlA ,ra.tio 'of 1 .. 60.is equivalent t-·o ,an ,allowable ,sh,ear ,stress of
n s
'1.60' x 27.5 = '44·ksi. From 'Figures '~10 an,d ll.one sees th,at -.a high.er
allowable shear ,stress gives a more ·stable aver'age·~ul-timate.shear .stren,gth.•
,It is interesting :to note th.a,t, .for t'he ~present -specificatiou:s, ."th.e failure
mode -,for ,the short .-joints is shearing, of the end fa-steners, ,but -plate
fa~lure is imminent, -in both the bolted and ,riveted ca·se-. If plate
or 'fastener 'properties var'ie,d from th.€ ones given .i-n 'Tab Ie 3 and Figure 1
it -is quite po,Ssible that th,e short joints would fail by 'tearing ,of the
. plate.
Variatio~s·in .the 'Factor 'of 'Safety ,·are· shown .in..Figur'e ,12 for
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'various -allowable ,.stre.sses. The present-allowable ,--st'resses result in
.Safety,'F·actors which ,vary from' -3.17, for .. a single bolt ·down, .to 2.12 for
·a joint _84 "inch,ss in length. For ·r·ivets t-his variation ,i_s from "3.16
:down ,to ,,2.15. "As the a-ll.o,wClble ,stres,s is increa-sed-' t-he;'E,actor 'of
,'Safety decreases and becomes more .stable. ,.This i_s shown·::.in .t'he '44
,.ksi line - for 'bo,Its -and the·27.5 ksi line --for r.'ivets. ,In.. t·his case
the Fac'tor 'of ,:Safetyvaries fr'om ,2.25 ,down ·,t-o ,2.00 for 'bolted joints,
and from 2.30 ,down to 1.98 ·for 'riveted joints.
In a·recent paper Fisher and Beedle(17) suggest.a constant
f'actor of :safety,of 'abour -2.1 ag:ain,st:-b'olt sh.ear .. When.this is applied
,t·o "the -pr,esent analysis th.e allowable str'esses whichr.esult '-are shown
in -Figur.e 13. For 'bolted joints -up ,eo ~ length. of 40 inches-an
allowa·ble ,str,-ess of 45 -k,si .C'·ould be -u,s-ed •. ' Fr.-om,-.40 ,inch~s t·o ·84 .inch.as
-an, allowable stres·s of 32,ksi -c'ould be u.sed,. Beyond 84 :·inch.es the
stress would have- t·o ,be fur.ther reduced. .For' riveted jo}nts the same
trend is shown., with t-he ,appropriate "stresses being ,29 'ksi, and 23 .1~si,
for ,t-he same joint -leng'ths,' aSL,me.nt*,o.n¢d_c"..aJ>:.Qve,.
It must--be,'emph,asized ,that:this entire ,dis'c~ssion ,is based .. on
th,e £'act ~eh.at .t~he allowable -,stress in ..A440 ,steel .i.s 27.·5 k-,si ..A1so "the
allowable .stresses suggested-in.-Fig. ,,13 are "based on,.th,e -ac-tua1.pro,-
-perti.es of, the particular 'joints analyzed. ,Spec-if'ic design .rec-ommenda-
·t-ions .should be ·b,ased ,on .the 'analys~s of ,ffi.inimum ,s.trengt'h, mate-rials.
, However, it i.s 'apparent -,t.hat the allo.wa-ble, str.esses - presently "spec'ified
could b,e 'raised ,to .about 40-45 'ksi for -A490 :bolts·· an.d to 27 .... 30 ksi for
"AS02-Grade·2 rivets, ,for .'joints less than .40 inches in ,lengt-h.
4,. :TEST ,'RESULTS AND, ANALYSIS
4.• 1 .Load,-Deform&tion .Behavior 'of B'olted .Join.1:S
Figure -14 :,shows - typic-a1.load-d·efortnation 'behavior :of the j,oint.s
tested. Both t.he short joint, K4,2b, and ,the long ,joint, K191, ,deformed
.almo,st -.line,ari.ly up:to,.,the ,major "s1ip:10ad. ·,·After.m~jor ,slipJlad
occurred inela~s-tic plate -and b'olt ·,deform.ations were ·n,oted. In both
.fIgures shownt·he ultimate ",test ~load was very close :to ;the predic·ted
valu.e.
,The ·1oad-deforrn.ation ',behavior -of the -joint ,can -be :·,predicted,
once ,all holts· are-in-,bearing. The prediction ,for 'joint ~Kl~2 is shown
in Fi,gure 15. The 'method used t-.o' calculate the- pred,icted deformations
is outlined,- in Reference -14 .. ,·At -_any,,~given, .._lorad ·the -c·or.responding ,.de-
-f'ormati.on is given by
Def= Slip ,+)1 e " .'~ i;'i+1i=1
wh.ere:
,slip :the measured deformations at each~end of the joint'be-
-t-we·en .. t-he ',end b.olts .andthe -point;s X-.(Fi.gure -15). ,It
includes joint slip:as~well as in~1astic Jef0rmation be-
·tween ,the b,olts q1;ld ~o.,int= ~X.
-e · ·+1 d· 1 1 · · h · h··,1.,1. = :compute ma,~n .. p ate "e'· .ong~ t'~ons . W~1. t 1.,n- .·t-' e - J0l.ut ,.proper.
·T,here . is good agreement 'between .the c'omputed deforma.tions g:iven
,by. ehis ana'l·yBis and ,;,the clef'orma tiol1;s measur'ed . during ,:the 'test. No,te
com,parison, ,however" in,dieates "th,at .t'l\e por"tiol1.."whic'h .is c-,alculated,
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(ei,i+J is dane so with ~onsiderableaccuracy.
4.2 _Slip Behavior of Bolted Joints
The load-clef.ormation "behavior of. joint ,-.K42b, up to 'major ~slip,
is shown .in Figure 16. The same relationship :is shown'£or Kl9l in
.Fi.gur.'e -17. .Th.ese plots are typical for ·the,short .-joints and long
joints r'es pec,tive ly.
The,'joint e'long-ation dia~s placed· on .joint -,K42b ,showed ·that "the
specimen ,loaded .and unloaded on B ~linear 'line. However, the.slip dial~
showed- n.on.-linear -deformation. The slip deformatio~s in.cluded elasti.c
lengthening:of the 3.5.in.ch g-age, ,s-hearing ',deformati,ons on ,the ,spec'imen
.cross section, and slip between main plates and lap plate&. When the
joint -was unlo.aded back ,t-,o 'z.ero {act'ua'lly ",·the -joint_ was unloaded back
'to ·50 k-ips, and t'he elastic ·line ,was then ,extrapolated back -.to 'zero)
r'e-sidual deformation .of 0.,0005 inches was noted on th,e slip ,dials, but
non.e was appar'ent -on the 'joint ~elongation .dials.
Th.ese .same ·g'en.eral features were 'n.oted for' joint~K191 ,(Figure
'17). This Joint-was lo.aded and unloaded 4 :,times. It -was cau,.sed to (s-lip
in -,t-he -fift·h loading ~cycle. The, ·sec-ondandfour-ch unloading ~curve·-s are
,shown ,in· ·Figur.e 17. In .this test ,·t-he ,slip ,'dia~s were installed such .,that
-only .-the "r.'elati·ve "plate -movements ,and th.€, shearing ,:deform,a,tio'Qs were
being recorded. The ,slip_dials showed non-linear deformation under re-
-1a tive ly .1ow -loads, ,indica t-ing ,8 lip -at ,~the j o.int. ends. Pe'rmanentde-
-formations of ,:0 •. 004 inch_es and .,01 inches were 'noted at the _slip di&~-s· 90'
the ,second andfour't~h unloading c'yc-le ·res pee tive ly . This c'ompares to're-
:sidual:deformations of O~003 ,inches andO i 008 .inches· measured with ,the
Joint e'longat.ion ,.dials.
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This load-.deformation,'beh,aviorwas expec'ted, and was predicted
in general terms by Fillunger (7) . The ,shear stress distribution along
,the f·aying ,:surfac'es prior .'t-o ,s'ltp, :i.-s··,'shown",qua Ii t,at-ive ly ,in Figur.e 18.
Unde'r load ","Pi ,t,he ,shear :stress ,distribution ,.at -the joint -ends- isre-
,Iative 1y high. ,·As the ··load,is incr~e.'a:se-(;l to '~2 -the 'ma·ximum ;st:atic '·r.e-
,sist·a·n.ee is r.eache.d ..at .. the joint ".e:nds . .'Underfurth~r--.lo;<?d· the -,st-a-tic
'r"e.s,i-·st~ance>.isT'ove'rcame ·,at d:i:-screte 'point,s inward··from .:the joint ..ends,
.shown ,,as th.e "s'lipz one" under l.o,ad- P3 0 :At .-thes lip .' lo-ad the ·fric'-
-t'ionalresistance 'is overc'ome :a:1ong th.e' ent-ir'e j.oin.t .:.and maJor .move-
ment of the "two' pIa tes occu,rs. "Th~s sudden .o,r" "m,aj or 11 ,s'li.p .:is s'hown
.inb0th. Figures I6and ·17 0
Figure '19 'shows the slip ,movement ,--between-"ithe fay-lng "sur-f.,ac'.es
for diffe-r'ent 'lo,ads on·'.K191. ..The defornlations ·m.easured s-long',:the -Joint
-i-nc1ude ~r.'e lative movement. of ,lap and main -plates" and a Iso "ehe .oe'-l.astic
shearing :de£ormatio~s.
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30,ksi given for ·static and winq loading 0 ,In fact 'every ,jointt"e-sted
c'urrently s~pec'ified value 'for designing ,',bearing ,:type :connections l) ·This
would ludic-ate· that om-any joi·nts design.edaccording ~to ,pre,sent.codes for
bearing ,will prob-ably be o·arrying-by"friction ,at wor·ki.ng,loads.
Previous te&ts(12) (18) of.A440 steel joints fastened with A325
'bolts h,ad..shown -lower ·sli_p 'coeffi.ci.ent.s. The A440 plate 'use·d in ,those
'tests was fr.om the ~same· heat used in :the 'test.s reported -herein. Th.€
avera,ge 'c'oefficient obt',-ained in t'hose tes~s (13 Join.ts) was 0'0300 ·This
w·ould indicate -that -t·he -high.er c·lamping. force o,f"t'·he A490bolt· may ,,'have
had a beneficial influence 'on the slip ,coefficients.
4~3 ·Ultimate'Load Behavior of "Bolted Joints
The four .short .joints failed by -simultaneous shearing .0£ all
fa·st·eners. ·This ,-w,as eX,pect'ed since t-he ,·average shear str'eS'_s at failure
,'was about 99% of the -u,ltimate shear "str,e,ss -of a -single ',fa·stener 0 ,Thus
when one end fastener sheared the' :r.emalnaer- 'could ·not ,-carry, .. the 'load
and sudden-failure occurred .
. In ,all .four 'long joints t-he .. lap 'plate 'end fastener 'unbuttoned.
This typical .failure -mode is shown,- for joints 'K132 in, ,Figure '22 .
.A compari_son,'.of the predicted ultim.at.e-load to ,the-actual test
values 'for- :t.he ~eig,ht ',joints, te-sted is given .inTable.s 1 .and.2 and ,also
,shown ,in-FLgure'23. ·It 'is ~pparent.thatvery. close -agreement 'was-ob-
,tainedfor all four -short Joint:s"ioeo tho.se joints fastened with ,short
grip bolts. For the long ,joints, faste:ned with ,.8 .inch gr'ipbolts, the
test predicted ratio varied froml oOO-to,1.o07o
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:rt had been notedinearliertests(18) that joints fastened
,with '.long :bolt;:S- ··a,,~way,s g:ave ·"high.er"·ult-im.ate'-~t.eBt,~-:lQ,ads""th'an'.h~d-'-'been
predicted. Testresults, of joints fastened with shortbolts(2) have
'varied about ~the ,'predicted ·values - :;some :,Jtest:s being'·,'1.owe-r, ,-some
'h'igher 11 This- i.s t.he, type. of ,;var-lation, ", c8use·d '";"by ,:-v~ariations in .ac,t·u·a-l
.m.a teria 1 ,proper,t-.ies, "tha t' ,,'would "be expected. Why ,thel)." have, all ,te,sts
of, j,ointc.s fastened wit,h ·:long. :b-olts g:ive'n c·ons-i.,stently','higher ultim,ate
-test ,",loads then ·.predict,ad,?
. 'A.. ·qu,alit·at·.i·ve-expla'nat-ion, .t'·o ,th'is e,an 'be -g:iven -by const.deri.ng
t-he shear 'ca1i,bration '.process 0 ,A typic.al- c·alibr'iltion .jig" ',us·ed --to '·deter-
mine "t,he, 'basic shear properties 'of ,a single' bolt -is shown .in, Figure 24a.
In ,this -process a'll the main ,an.d l,ap ,pl.ate ,sectioIl:s are t-ack .we1.de,d to-
gether, and, c8used,t:o "act a·s unit~s. Th'is,,;me-a-n-s.,,, that the 'bolt ·is .aetu.al1y
-sheared ,almost 90,degre,es· to .-its center <line. ,In an ·.actua·l- join,ttest,
however, t-he in.dividual plates move separately, by "slipping ,over "each,.,'
,ot·her ,as is "al·so".s,h,own' .in .Figure '24bo Th,is·, c.a·us-es the 'bolt in ,ehe joint
'.to ~be'nd which.res·ults in ,an .incre-a-sed "she'&ring ·area-. ,A C'omparison of
a bolt~sheared .. in.a jig to'one sheared in,-ajoint:i.s',shown·,in,Figure-25.
Th~," bending ,action .e-au:ses two ~ import-ant c·h.anges in .. th-e -bolt
'behavior 0 ,These ,are: an ".increase i,n. the' load r'equired to ,'shear ..the
'b'olt, . and an .iner'eas-e 'in .t'h.e -ultim.ate 'bolt ·deform.fttion. Figure 26
·.c'ompares sch.emat.ically, the load-defonmation ,behavior 'of a '·bolt ·sheared
in .t-he "c,alibr:at·ion jig ·with no ben.ding '·8 II-owed, . to ,t·h:at of a bolt ',as
it is actually ,sheared in ,a ·joint. ,Since t'he 'ultimate joint -.load pre-
·dicti0l1:s were ",based ,on -,t-h,e shear··c"alibr'ation ",beh:avior of the single
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'b',olt, ,onewould,e'x-:pe'ct ,-,t"he,- pr'ediction_, to ~,be -l~&s",th.an ,th,e,ac',tua-l test
-va lu.e 0 ,If :the 'ultimate 'j oi,ut ,~·loa-d ,were -'predicted -on .. ,t-he -act,ua,l .bolt
deform,ation ',beh,avior ,a closer 'pred-iceionwDuld probably .resu.lt G
.. Th.e· amount of 'b:olt' bending ·-which ",ace,urs .. is" depe--ndent ·on -,t-he :lo,ad .
distribution-,within ',8- ·joi,nto ,Figu:r'e 9 -,has a-hawn,' .th,at,.~,joi,nt;s with 'high
A lA rat,io,s -have .. a -moJ;e .even ,d·istr:ibution .ofl-oad '"among ,': the-' fa&teners ... ,
, n"s . '
,This, mean.s t-h,at" for 'h,i,g-h.,,-AnlAs ,ratio, j oin~s, ,there --i,'g.,- more ,,{31ippage:"of
PIa toes -with -"respect ',to,' each '.oth_er :than,~for ,t'he ,':lowel~:~,,~~<./A-"-.L'r";t9,t·i'Qso"'. This·,-
, ' n ',5
fact ',-is· sh,o,'wn ~in ,F.i,gur,e '2-7 e " ,Joints ,'K13:2 and .. K133 ·;were '; t'h.e-- same in ,e:very
·1
-of. t-h.e interior' p!a,t-,es) .",and thus· greater _bolt -bending, "hCldoccurred at
,-the' t'hir~d,line-,o'f,'hol,ts -'.in 'K133 ,than in -,K1320
,In ,.summary it -.is apparent~,-th,at ·the -solution ,presen't:ed by,,'pr,e-
vioQs researchers(I)(2)(j) is very ac~ratfr forjoi~s fastened with
s-hart grip fasten,ers e ,For joints with ·.longer:fasteners -t-he, predict,ed
load was u,su.ally, lower .than ,-t-he 'true -V;alue.. ,An analytical soluti,on
,which .considered, ,t-he'bolt -bend,ingwou.ld "b,e -very c',amplex, ·especially
,s-inGe the amount ,- of 'bend,iug., is'iJ,pa,r:b±a'll'y}'~con't~oi1:l~d'by .,·the- -AtilAs
r·atio. Forpracticalan:alysis- thesolution'o'ffered by'Fishe-t (4) (14) is
suf.:ficientlY,·acc,ur:ate,-. ,-A further ,study ."of th,e- bolt,~bending :phenomenon
,does not -seem '.t--o :b.e ,-warranted 0
5. SUMMARY
Asa re-sult of the theoretical and .experim.en.tal .studies con-
-ducted under ~his p~ogram .the following ,conclusions and recommendations
ha-ve ·been rna-de.
(1) ;The' the'oretical· ,solution, developed by "previous researcher-s,
for ·t-he ,load distr'ibution ,wit'hin .a joint and t·he u'.1tim.ate 'load of a
joint is ,sufficiently 'accurate for allpractica-l cases •
. (2) The ·,average -fastener --shear s tr.eng-th . i_8 gre,a tly, influenced
by ,increase.s in ,j oint -length. ·The·' fasten.er :pitch .in;fluences the aver-age
sh.ear .. strength main~ly by changing the joint -length.
( 3) ·Variations in .the ·,AlA ratio h.ave·.a mSJ·or 'e-ffect .on the
n' s
average 'f-&,stener·shear 'stress at u'ltima-te joint -.loa·d·. ,-An ,incre-ase in
.this .r,at·io !causes ,an .increase in _the .aver·age .. shear stress •
., (4) In .o.rner .:t,o-make 'more e-fficien·t use 'of, t~he .. A490 "bo Its and
the···A50,2-Grade2 ·~.rivet -'8 ·,'higher 'a-llowab1e ~shear·,,·str'es s s'hould ·,be -specified
for short -joints. ,Suggested values are: ,40 to ;45 ~~si .for ,A4-90 ',bolts,
au.d .27 _to ·30 .k,sif:or ..A5Q2-Gr·ade 2 rivets, in .joints less than 40.inch.es
lo.ng. Th,e -,pr'esent :spec'ific.at'ions of '32 ,k.at ·,for-all A490 .,bolted·,join~5'
an~ 20 ,ksi for .. a,11 >-AS02-Grade 2.r'iveted join.t:s -is overly,"conservative
for .short-join~s.
(5) Test ~res~lts, and theoretical .analys~s, have .shown that
-,d,ifferential m.Qvement be-twe,en the lap ,and main.plate ,shou.ld ,occur .'near
the jointe1.1ds ,under -relatively- ,low· loa-d,s. ;,As the "loading ,is incre,ased
this differential movement -'between .d,is-c'rete ~ con·tact -point-g·"of, the -faying
I , I I +1
surfaces -proceeds inwar'd --from .the joint ends. ,When .the -maximum ,st'atic
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frictional.resistance ~is overcome along the entire length of the joint
a sudden major ,movement ,of the -entire lap plate 'with respect to :the
main plate will occur. This constitutes major ,slip.
,(6) Test-results have shown .that·the averag€-shear,stress
at major ,slip vatied from 32 ~si to 40-ksi ,for .A440 steel fastened
with:A490 bolts •.These'values are ·well above ~the currently specified
va lU.e .of 22 .5 ksi for .'fric,tion joints. ,Also ,these tests indicate
t'hat many joint.s, designed ··to carry load in .be·aring and shear, will
actually'be carrying the load-by-friction~t-working.loads.
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TABLE 1
TEST RESULT,S
K'Series Pilot~Tests
,~ 'J.oint w
,Lengt111
~3-,~~
.[..........-_.....--\-W-i-dt-h-I-~ .....-,..-i- --l
i.
'.2" Grip ~ :4-7/ 'A49.0BO.l.ts pe,r... '- '.1in~-f~*N~A<~~~=~~~=~_1~!~l~!J·· :~~::~:::~~
, ,Itt' "
Item
Bolts-Heavy.'·h.ead, ,K lot
"Nomin.al-.Shear.:·Area
'. Washers 'Used
Plates;-A440. Mean 'Joint
. ~Width
:Mean .Joint~Thickness
·(two ,plates)
Joint ·.Length
Mean-Grip.(excluding
:washer)
~A·/A-Design
.n sA 1
-----.-. ctua
.8lipLoad-T'est
"Average 'Bolt ~1IShear
, St·ress tt
Slip 'Coefficient
'Ultimate 'Load-Test
-' Predicted
,Ratio, ,Test/Pr'edicted
Average 'Bolt ..Shear
'St·ress
Shear Strength .of~ a
Sing1e"Bolt~ested in a
Te1.1sion.Jig
..2
,1.n
.in
in
,in
in
"kips
ksi
'Ikips
kips
k.si
'ksi
K42a
.9.62
1 -under
p.ut
.2.03
,10 ..,5
,4.06
-1.20
1.22
350
36 .. 4
0.36
980
982
.• 998
·,101.9,
,103.5
K42b
-9.62
.1 -under
'nut
2.03
10.5
:4.• 06
.1.·25
,·1.-27
- 314
-·32. 7
0,33
980
984
, .996
101.·9
-103.5
"K42c
·9.62
1 ·under
nut
8.12
2.02
10.5
-4.•,04
1.30
1.31
,,334
.34.7
0.36
.996
,,985
;1.011
103.5
'K42d
9.62
',1 under
-nut
.2,-03
10.5
'·4,.06
.1.35
1.37
'·383
.39.8
;0.40
1004
986
1.018
104.3
103.5
iType-"ofJoint":Failu,re ·AII Bolts
Sh,eare,d
:All Bolts.All Bolts ,All .Bolts
Sheare,d 8'heared Sheared
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T.ABLE 2
TEST -RESULTS
K 'SERIES - ~LONG :JOINTS
I"" -,Tad nt -J,engtb ..,
~: I...Pitch
[_.. - I_w_i-.d_th .....II.--·__·~-·-r-/--~-,_J<'-==__'_'_~_.;_tl__: _.-..a..: ........... _
n - ,·7!81'A490BoltsGrip ~!
........- .............._------------=-_..&--------.........-----
ITEM ',UNITS K131 .K132 .K133 'K191
Type 'of ,Joint Failure
_. Sh.ear.' Strength ·.of a Single
'Bolt~Tested in a Tension
'Jig :k,si
£olt ~t Bolt ~t Bolt 'at Brilt ·at
'-La p -' PIa te ',Lap :~PIa te ',La p :,Pla te -.La p ~. Plate
End --Un- 'EndUn.- 'En,d Un,- -End Un--
·buetoned --buttoned --buttoned -buttoned
101~ 1,101.1101.1
·13 13 13 19
15.62 .15 .. 62 15.·62 .22.84
-1.under -1 under 1 -under 1 ·under
-.nut "'nut .'nut .'nut
·6.01 6.01 8.35 8 .. 37
·4.02 ,4,.·01 ,4.• 05 3.99
,8.14 .,8 •. 00 ~8.11 7.98
.2.625 ,5 •. 25 5.,,25 .3.5
31.5 63 - 63 .63.
1.30 .1.30 1 .. 90 .1.30
-1.30 ,,1.30 .1.90 .1.30
54·2 .580 548 .846
34.6 37.-0 -35.0 .37.0
0·.32 -0.34 ,0'.33' 0.,34
1425 1312 .1660 .1794
1381 .1254 .1548 .1788
-1~O32 .1.,046 :1.012 1.• 003
-91.1 84.0 -,106..0 ·78.4
.101.1
k.si
in.
i.n.•
·in.•
-kips
in..
.in.
"kips
k-ips
,Pitch
Joint "Length
-BOLTS: Heavy 'Head, ,AB ' lot
Number 'in 'Line, n
,Nomina 1,_ Sh.ear Area
-Washers Used
tif
-. PLATE,S: ,A440
Mean "Joint "Wi.dth
Mean'·.Thickness - (2 Plates)
-Mean .Grip .' (Ex.e1uding "..Was-
h~r)
.SLIP '.LOAD: T'est
·,Average 'Bolt ","Sh.ear
'Stress"
,~S lip :Coefficient
:.ULT.lMATE,LOAD: :Test
.' Pr'ed.ict.ed
,Ratio, ,Test!Pr'edic·ted
.Average Bolt _-.Sh.ear' Stress
,,·A ./A : Des ig,n
,n s A 1
'.':. ctUfl
,TEfble·'3
Materi.a 1 ,Pr:operties ·As Determined By
,'·'St-,andard .Coup0tl:s
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ASTM
.U'ltimate "Mini.mum
.St-rength : ,;.Specified,Ultimate ,'.% ... ASTM
Mat;,erial k-si JStrengt-h, :ksi ,.Minimum
"A440 . p,~a te . 76 67 -, 113
,A490 :bolt;s .-
KK."lot -153.·4 150 102
,.A490 bo1-~s
-A·B; lo'-t 15,1.,6 ,,·15'0 101
.AS02 r.ivet.s
.'FIR 1.lot.-un.dr'iven -83.6 :68 ,·123
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(t21.6, ,204)
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points
R
A502- Gr.2 Rivet
R =77.2 ( 1- eU)~)0.45
A
•
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•80
100
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SHEAR
LOAD, 60
R
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DEFORMATION 1 6. (inches)
Load-Deformation Characteristics of A490 Bolts
and AS02-Grade 2 Rivets, Sheared in A440 Steel
Jigs.
0.04o
Fig. 1
Fig •. 2 Test -Setup. K133
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